An experimental characterisation on Ypresian clays that are considered as one of the 29 potential geological host formations for the radioactive waste disposal in Belgium has been 30 carried out. Physical, microstructural, hydraulic and mechanical properties were investigated on 31 the samples taken from a cored borehole at Kallo in the Northern Belgium at 290 -400 m depth. 32
3 6 sealed by wax; thus water loss would occur by evaporation before laboratory testing (2010 -115 2011 ). 116 Figure 3 shows the particle-size distribution curves of the four adjacent cores (YK44, 63, 74 and 117 96) by laser technique (Vandenberghe, 2011 ). It appears that the clay-size (< 2 µm) fractions of 118 all cores are higher than 55 %. The Roubaix Member is known to be siltier (coarser) than the 119 Orchies (YK96) and Aalbeke Members, and this is clearly reflected in the granulometer curves. 120
The three Roubaix Member samples have a relatively similar granulometer distribution. It should 121 be noted that for a given soil, significant difference may exist between particle-size distribution 122 curves obtained by laser technique and by sieving and hydrometer, particularly for clayey soils 123 (Nguyen, 2013) . 124
The mineralogical composition of the four previously mentionned cores by X-ray diffractometry 125 and cation exchange capacity (CEC) measurement (Co-hexamine technique) is presented in 126 Table 1 for the bulk mass and in 127 Table 2 for the clay-size fraction (Vandenberghe, 2011 ). It appears that the non-clay minerals 128 represent less than half in bulk mass, and the clay minerals are dominated by expansive ones 129 7 both the Kallo site and the Doel site. In particular, a liquid limit higher than 130 is identified on 137 YK73 and YK95. A large variability over depth of soils is also observed for both sites: YK73 138 (lower part of the Roubaix Member) and YK95 (upper part of the Orchies Member) have clearly 139 higher values of liquid limit and plasticity index than YK43 and YK64 (middle part of the 140 Roubaix Member). This is in agreement with the blue methylene value (VBS) determined 141 according to AFNOR (1998) and the specific surface Ss deduced from VBS (Tran, 1980) . A clear 142 distinction between these two groups of samples, (YK43, 64) and (YK73, 95), can also be 143 observed through other parameters presented in Table 3 such as unit mass ρ0, dry unit mass ρd0, 144 void ratio e0, porosity n0 and water content w0: the two upper cores (YK43, 64) show higher ρ0 145 and ρd0 (lower e0, n0 and w0) than the two lower ones (YK73, 95). The carbonate contents of 146 Ypresian clays are low, except for YK43 that has a particularly high value of 10.2 g/100g. The 147 degree of saturation Sr0 is lower than 100% for all samples, mainly owing to the water loss 148 during the sample conservation as stated above. identified for the two upper cores, especially for YK43. On the contrary, for the two lower cores, 153 a clay particle matrix is observed with dispersed silt grains. This is more or less consistent with 154 the grain-size distribution curves as shown in Figure 3 : the fraction of particles larger than 10 µm 155 in (YK44, 63) is about 20 %, against only 15 % and 5 % in YK74 and YK96, respectively. 156 However, the important difference between YK74 and YK96 in grain-size distribution is not 157 observed in this SEM results. 158 Figure 6 shows the pore-size distribution (PSD) curves of YK43, 73 and 95 by mercury intrusion 159 porosimetry (MIP) in terms of intruded mercury void ratio em, defined as the ratio of mercury 160 intrusion volume Vm to soil solid volume Vs, versus the entrance diameter D as well as δem/δlogD 161 versus logD. It should be noted that the MIP technique used can only cover a range of pore sizes 162 from D = 300 to 0.005 µm, corresponding to a range of injection pressure from 0.1 to 200 MPa, 163 and that the MIP tests on YK95 and YK43 were prematurely stopped due to a technical problem. 164
It is observed that YK73 (lower part of the Roubaix Member) and perhaps YK95 (upper part of 165 the Orchies Member) present bi-modal porosity with the density of the micro-pore family (D = 166 0.06 µm for YK73) clearly higher than that of the second family (D = 0.25 µm). The pore-size 167 family around D = 100 µm can be explained by the technical perturbation during the preparation 168 of samples. By contrast, YK43 (middle part of the Roubaix Member) shows a mono-modal 169 porosity with a sole dominant pore family of D = 0.8 µm. A macro-pore family at D = 5 µm is 170 identified for YK43 but its density is negligible. This mono-modal porosity is typical for deep 171 sediments such as Boom Clay at Mol (Coll, 2005; Dehandschutter et al., 2004; Lima, 2011) and 172 at Essen (Nguyen, 2013) . 173
Experimental methods for investigating the hydro-mechanical behaviour 174
Both high-and low-pressure oedometers (HPO and LPO) were used. The LPO had only one lever 175 arm multiplying the load by 10 on the sample, allowing applying a vertical stress σv up to 3.2
176
MPa on a sample of 50 mm diameter. The HPO had a double lever arm with one lever arm 177 multiplying the load by 5 and the other by 10, allowing applying a vertical stress σv up to 64 178 MPa on a sample of 50 mm diameter. 179 9
The soil samples were hand-trimmed to reach the dimensions of 50 mm in diameter and 20 mm 180 in height. The initial states of the tested samples are shown in Table 4 with soil initial water 181 content w0, void ratio e0, porosity n0, degree of saturation Sr0 and density ρ0 as well as the void 182 ratio under the in situ vertical effective stress, eσ'v0. The HPO tests are numbered 1 while the 183 LPO tests are numbered 2. In order to account for the deformability of the loading system in the 184 HPO tests, calibration was carried out without sample in the oedometer cell following the same 185 loading path as shown in Figure 7 
Compressibility and swelling capacity 202
Low-and high-pressure oedometer compression curves of YK43, 64, 73 and 95 are presented in 203 Figure 9 , 10, 11 and 12, respectively. The values of degree of saturation Sr during the initial 204 loading (AB), before soaking (putting in contact with SYCW), were determined by assuming a 205 constant water content w = w0 and indicated on the curves. It appears that all soil samples 206 reached full saturation at the end of this process, under σv = σ'v0 = 3.2 MPa, except the YK64O1 207 sample with a final value of 98 % ( Figure 10b ). As all the curves are clearly non-linear, the 208 compression index C * c and swelling index C * s are adopted that correspond respectively to the 209 slopes of each (re)loading and unloading (Deng et al., 2011a ). An increase of C * c when Sr 210 approaches 100 % is observed, especially for YK73 and 95. Le et al. (2011) conducted oedometer 211 tests on unsaturated Boom Clay samples with suction measurement and observed that this 212 increase in C * c corresponds to the suction becoming zero when pore water started to be squeezed 213 out. 214
Upon soaking, slight compressions are observed for all the tests. For YK64, 73 and 95, the void 215 ratios eσ'v0 under the in situ vertical effective stress σv = σ'v0 = 3.2 MPa (point C) in LPO and 216 HPO tests are almost the same (Table 4) . On the contrary, for YK43, the value of eσ'v0 in LPO 217 test (0.64) is smaller than that in HPO test (0.70). Note that the YK43 sample in LPO test has a 218 smaller initial void ratio e0 than that in HPO test (0.78 against 0.81), but this difference is smaller 219 than that under the in situ stress (0.03 against 0.06). 220
Upon the first unloading after soaking (C-D), two swelling fashions are identified: for YK43 and 221 64, the void ratio at the end of this unloading, under σv = 0.21 MPa in HPO test and 0.05 MPa in 222 LPO test (point D), is smaller than its initial value e0, while for YK73 and 95 the inverse is 223 11 observed, showing a higher swelling capacity than the two samples taken at upper depths. Note 224 that the densities of YK73 and 95 samples at the beginning of this unloading under σv = 3.2 MPa 225 (point C) are lower than those of YK43 and 64 samples (see Table 4 ). 226
For all the four samples at different depths, the compression curves upon this unloading (C-D) 227 are clearly non-linear as the swelling index C * s increases with the decrease of vertical stress σv.
228
A roughly bi-linear shape was adopted by Cui et al. (2013) with a small slope Cse1 that 229 corresponds to a mechanical rebounding under high vertical stress and a larger slope Csp1 that 230 corresponds to a physico-chemical swelling under lower vertical stress, the two parts being 231 separated by a swelling stress σs1 ( Figure 13 ). H1D and H2D, the "equivalent depth" of DK at Doel (DKD) can be determined as follows: 252
(1) 253
The swelling stress σs determined by "zero swell" method for the Ypresian clays at Doel at the 254 equivalent depths, noted as YK43, 64, 73, 95-D, of the four studied cores are also presented in 255 for each depth is a little higher than the corresponding OCR. It also suggests that diagenesis as 282 well as other geological events after deposition are of minor importance for the Ypresian clays. 283
In addition, the long-term behaviour of the Ypresian clays was also investigated in this study 284 through the secondary compression/swelling coefficient Cαe = -∆e/∆logt. Considering the 285 important role of the swelling stresses σs on the compression curve e-logσv, a correlation 286 between Cαe with the ratio of vertical stress and swelling stress for the corresponding path σv/σs 287 (c.f. Figure 13 ) is analysed and presented in Figure 17 for both HPO and LPO tests. By 288 14 definition, Cαe is positive upon (re)loading and negative during unloading (see Deng et al., 289 2012 ). It appears that for each depth a unique relationship (Cαe, σv/σs) can be adopted for 290 different reloading (or unloading) paths of both HPO and LPO tests as sketch in the Figure 17 . 291 Similarity in (Cαe, σv/σs) between YK73 and 95 and between YK43 and 64 can be observed so as 292 only one trend line is adopted for the Cαe -σv/σs relation of each couple of cores in reloading (or 293 unloading). It is clearly observed that Cαe increases with the increase of σv/σs. Furthermore, for a 294 given σv/σs ratio, YK73 and YK95 show higher Cαe, in absolute value, than YK43 and YK64.
295
Taking into account the large lifespan of a radioactive waste disposal as well as significant 296 delayed convergence monitored in URL galleries (Armand et al., 2013), these simple and 297 efficient correlations would be of considerable interest for further investigation and modelling of 298 the long-term behaviour of the geological barriers in the performance assessment framework. 299
Permeability 300
Based on the consolidation curves, the hydraulic conductivity k and permeability K were 301 determined based on the Casagrande's method: 302
;
where Cv = 0.197H 2 /t50 is the consolidation coefficient, H is the drainage length and t50 is the 304 time corresponding to 50% consolidation degree; ρf is the unit mass of fluid; g is the acceleration 305 due to gravity; Eoed is the oedometric modulus; and µf is the fluid dynamic viscosity.
306
The variations of hydraulic conductivity k and permeability K with void ratio are presented in 307 Figure 18 . It appears that for a given void ratio, the soil permeability decreases with depth within 308 the range considered. In particular, the permeability of YK73 and 95 at their highest void ratio (e 309 ≈ 1) is still lower than that of YK43 at its lowest void ratio (e ≈ 0.5). 310
A series of permeability tests under isochore condition on Ypresian clays at Doel was conducted 311 by Aertsens et al. (2005) . The results are reported in Figure 19 for different depths. The values 312 obtained in this study for the Kallo site are also presented in Figure 19 using the "equivalent 313 depths" DKD (see Eq. (1)). It can be observed that the results of the two studies are comparable 314 for the lower and the middle parts of the Roubaix Member. However, for YK43 the hydraulic 315 conductivity found in this study is significantly higher than that from Aertsens et al. (2005) . This 316 shows some limitation of the comparison based on the notion of equivalent depth. 317
Microstructure effect 318
According to Mitchell & Soga (2005) , the soil microstructure is defined by particle arrangement 319 and inter-particle bonding. Burland (1990) proposed a normalization method for the compression 320 by Burland (1990) and regarded as a typical relationship for marine sediments. Note that the 338 sedimentation compression curve (SCC) of a natural soil, which can only be determined from the 339 natural water content of undisturbed sample and thus cannot be reproduced in the laboratory, is 340 not necessarily the SCL, neither the normalized compression curve determined by oedometer test. 341
The normalized compression curves of Ypresian clays are presented in Figure 20 . The star 342 symbols represent the in situ states. It appeared that differently from the in situ void ratio eσ'v0, 343 the in situ void index Iv0 decreases with depth, and thus better represents the deposition process -344 the deeper the soil, the lower its in situ void index. Similar remark was made by Skempton 345 (1970) : the liquidity index LI = (w -PL)/(LL -PL) is more representative of soil deposition 346 process than water content w. 347 A significant difference between the in situ states of YK43 and the three lower depths (YK64, 348 73, 95) can be observed: while (Iv0, σ'v0) for YK43 is situated between the SCL and ICL with an 349 estimated SCC as indicated in Figure 20 , the points (Iv0, σ'v0) for (YK64, 73, 95) lie slightly 350 below the ICL. Their SCCs must then coincide with the ICL because all the SCC of natural soils 351 must be on the right of the ICL or at least coincide with it. Due to these positions, the normalized 352 compression curve of YK43 crosses its SCC before bending downward in parallel to the SCL 353 and ICL, while the curves of (YK64, 73, 95) approach the ICL and then followed it. According 354 to Baudet & Stallebrass (2004) , the parallelism between the virgin compression curves and the 355 SCL and ICL suggests that Ypresian clays have stable structure, as opposed to the soils of meta-356 stable structure which have virgin compression slopes steeper than those of SCL and ICL. 357
Microstructure after test 358
MIP test was conducted on the sample after test YK73O1, corresponding to the state at point H 359
in Figure 11b . The pore size distribution (PSD) curve for this sample is presented in Figure 21 . 360
The PSD curve of intact YK73 sample is also reported in this figure for reference. It appears that 361 after the HPO test, the nearly bi-modal PSD curve becomes almost a mono-modal one with a 362 dominant pore diameter around D = 0.3 µm. It is observed that the infra-pores (Romero, 1999 ) 363 with D < 0.02 µm were not affected by the test, while meso-pores (0.2 < D < 1 µm) increased in 364 detriment of the micro-pores (0.02 < D < 0.2 µm) and the macro-pores (D > 1 µm). The pore-365 size family around D = 100 µm can also be explained by the technical perturbation during the 366 preparation of samples as for the intact sample. 367
The SEM photos on the sample after test YK43O2, corresponding to the state at point F in Figure  368 9a, are presented in Figure 22 , together with those on the intact sample YK43. On the whole, the 369 bonded structure of the intact sample becomes less bounded after the mechanical loading in 370 saturated condition with well distinguished silt grains. and PI, specific surface Ss, blue methylene value VBS and water content w0 than the lower group 388 ( group 2). Furthermore, these variations of ρs, LL, PI, VBS, Ss and w0 are better in line with the 389 geological history of Ypresian clays that is characterised by several transgressive -regressive 390 cycles (see section 2.1). Further studies on the particle size distribution and mineralogy of 391
Ypresian clays at Kallo are needed to clarify this point. 392
The SEM observations ( Figure 5 ) also confirms the large difference between these two groups: 393 the microstructure of the lower group is dominated by clay particles with matrix type, while that 394
19 of the upper group shows the dominance of silt grains with aggregate type. A progressive 395 transition from the upper group to the lower one can be observed: the presence of clay fraction in 396 YK64 is more obvious than in YK43 but still less than in YK73. Note that the carbonate content 397 in YK43 (10 g/100g) is particularly higher than those in the three other depths. On the other 398 hand, the PSDs of YK73 and probably YK95 (the lower group), show bi-modality with a 399 dominant micro-pore family (D = 0.06 µm) at the intra-particle level and another dominant 400 meso-pore family (D = 0.25 µm) at the inter-particle level; the PSD of YK43 is mono-modal 401 with a sole dominant family of inter-particle pores having diameters as large as D = 0.8 µm. 402
These microstructural differences are in good agreement with the macroscopic observations: the 403 initial void ratio e0 of the upper group are lower than those of the lower one that has higher 404 plasticity. 405
Hydro-mechanical behaviour 406
The results of odometer tests of Ypresian clays with unloading -reloading cycles are 407 characterised by clear hysteresis. According to Cui et al. (2013) and Nguyen (2013) , these 408 hysteretic loops can be explained by the competition between physico-chemical and mechanical 409 effects that are separated by a threshold stress σs corresponding to the swelling stress. Note that 410 the term "mechanical" refers to the particle interactions through their direct contact, while the 411 term "physico-chemical" denotes the interactions between adsorbed water and clay particles. 412
Upon unloading, when the applied external stress is higher than the swelling stress (σv > σs), or 413 at the microscopic level the effect of the applied stress is stronger than that of the repulsive force 414 between clay particles/sheets, the particles contact mode would be rather of face-to-face. As a 415 result, the volumetric behaviour is rather controlled by the mechanical effect and small elastic 416 rebound occurs. On the contrary, when σv < σs, the physico-chemical effect prevails as particles 417 20 contact turns progressively into face-to-edge mode, giving rise to soil swelling with significant 418 volume change. Upon reloading, when the applied stress is lower than the swelling stress for this 419 path σv < σs, the face-to-edge particles contact microstructure is more or less preserved due to 420 the matrix suction caused by the physico-chemical effect, and small volume change occurs. By 421 contrast, when σv > σs, the mechanical effect prevails and larger volume change occurs by 422 collapse of large-pores, re-orienting particles contact to be more and more face-to-face mode. 423
Beyond the preconsolidation stress σv > σ'p, the plastic volume change makes the particle re-424 orientation more significant. Therefore, unloading from a higher preconsolidation stress σ'p 425 induces higher swelling slope Csp (see Figure 15b ). 426
Swelling capacity 427
The higher positions of the logσs -ei curves of YK73 and YK95 with respect to those of YK43 428 and YK64 in Figure 14 clearly distinguish the two groups in terms of swelling stress σs. In (1.4/1.1) compared to those for YK43 (1.2/1.1) and 64 (1.5/1.2) ( Figure 16b ) indicates that creep 458 22 effect is more significant for the two lower cores than for the two upper ones. This is also 459 consistent with the higher swelling clay fraction of YK73 and YK95. 460
Compressibility 461
It is observed in Figure 15a that Cce is independent of σ'p and the mineralogy as the values are 462 quite similar for the four depths. This suggests that the microstructure characterised by the face-463 to-edge particles contact mode that developed during the previous unloading was almost 464 preserved when σv < σs. This suggests also that the macroscopic volume change resulted mainly 465 from the compression of clay particles. Due to the competition between the increasing external 466 applied stress σv which tends to expel water from the clay particles and the physico-chemical 467 interaction between clay sheet and pore water which generates matrix suction retaining pore 468 water. The volume change in this stress range is thus negligible with Cce = 0.02. 469
When the external applied stress is beyond the swelling stress σv > σs, the mechanical effect 470 prevails causing macro-pore collapse, giving rise to larger volume change with Ccp. Note that the 471 clay particle re-orientation in this stress range σs < σv < σ'p is less marked than in the virgin 472 compression domain where σv > σ'p. Obviously, Ccp also increases with σ'p and clay fraction as 473 observed in Figure 15 . Moreover, the variation of Ccp must be limited by Cc on the upper side 474 and by Cse on the lower side because for a given σ'p the higher the vertical stress σvi from which 475 the reloading is initiated, the lower the corresponding Ccp. 476
The increases of Cc (Figure 16a ) and Cαe (Figure 17 Leroueil et al., 1984; Skempton, 1944; Terzaghi & Peck, 1967; Wroth & Wood, 1978) and also 481 natural clayey soils (Johnson & Moston, 1970) . 482
Permeability 483
The permeability evolution of Ypresian clays at the Kallo site with depth is also in agreement 484 with the variations of soil mineralogy, grain-size distribution and microstructure: despite their 485 higher void ratios, YK73 and 95 show significantly lower permeability than YK43 and 64. This 486 can be explained by two reasons. From a microstructure point of view, the aggregate type fabric 487 and the dominance of macro-pores in YK43 and 64 form larger flow channel than the matrix 488 type fabric and the dominance of micro-pores in YK73 and 95 ( Figure 6 ). From a mineralogical 489 point of view, water molecules in clay particles are associated with the exchangeable cations 490 adsorbed on the clay sheets forming the diffuse double layer. This affects the mobility of water 491 molecules and thus the permeability. Indeed, YK43 and 64 have similar void ratio (Table 4) and 492 microstructure type ( Figure 5 ), but YK64 clearly shows lower permeability ( Figure 18 ) because 493 of its higher plasticity index (Figure 4) . 494
Microstructure effect on volumetric behaviour 495
The significantly higher positions of the in situ state (Iv0, σ ' v0) and the normalized compression 496 curve of YK43 with respect to those of YK64, 73 and 95 in the Iv -logσv plane can be related to 497 its lower clay fraction as observed on the SEM photos ( Figure 5 ) and in the plasticity chart 498 ( Figure 4) , and its higher carbonate content (Table 3) which plays a decisive role in inter-particle 499 bonding. With the highest plasticity index and the lowest carbonate content, the normalized 500 compression curve of YK73 is logically the lowest one. The curve of YK95 is close to that of 501 24 YK73 albeit its higher carbonate content (3.8 against 0.9 g/100 g). This suggests that the effect 502 of carbonates in the microstructure can be compensated by that of expansive clay minerals. 503
According to Burland (1990) , the stable microstructure of Ypresian clays (virgin compression 504 curves have the same slope as the SCL and ICL) indicates a quick deposition from a dense 505 suspension and/or under strong current. These depositional conditions would give rise to a more 506 oriented fabric thus more compact with a low void index Iv (not necessarily low void ratio e). 507
Particularly high expansive mineral content could also be the reason for the evolution of the PSD 508 curve, from nearly bi-modal for intact YK73 sample to nearly mono-modal for the sample after 509 the HPO test ( Figure 21) . Indeed, under compression at high pressures, clay particles were re-510 oriented and fill the meso-and macro-pores. The porosity under high pressures became more and 511 more homogeneous with a sole dominant micro-pores. Upon unloading, due to the effect of 512 expansive minerals, the uniformity of the porosity was preserved as the dominant micro-pore 513 family swelled homogeneously to reach the size of meso-pores. On the contrary, due to the 514 limited amount of clay minerals, after the LPO test, the aggregate type microstructure of YK43 515 became even clearer as clay particles were only able to coat the silt grains, but not enough to 516 form a matrix. Therefore, the swelling upon unloading from σv = σ'v0 consisted mainly in the 517 rebounding of the "frame structure" built by clay-coated silt grains, which is different from the 518 volume change mode of YK73. Thus, the void ratios at the end of the first unloading (point D) in 519 both LPO and HPO tests are much lower than the initial value eD < e0 for YK43 ( Figure 9 ), but 520 higher than the initial value eD > e0 for YK73 ( Figure 11 ). 521
Conclusion 522
The physical and geotechnical identifications, microstructure analysis and oedometer tests with 523 unloading-reloading loops have been performed on the samples of Ypresian clays cored at Kallo 524 25 (N-Belgium) in order to assess the Ypresian clays as a potential host formation for geological 525 disposal of radioactive wastes. Ypresian clays have been identified as fine-grained soil, highly 526 plastic, particularly porous with respect to their depths, and slightly carbonated except core 527
YK43. 528
Significant variability in terms of physical and geotechnical properties and microstructure have 529 been identified: i) the middle of the Roubaix Member (cores YK43 and YK64) presents lower 530 plasticity indices, void ratio e0, water content w0 and higher density ρ0 than the lower part of the 531 Roubaix Member (core YK73) and the upper part of the Orchies Member (core YK95); ii) the 532 microstructure of core YK43 (middle of the Roubaix Member) is characterized by the aggregate 533 type with dominance of the silty grains and a sole dominant meso-pore family at D = 0.8 µm. 534
The microstructure of core YK73 (lower part of the Roubaix Member) shows presence of a clay 535 matrix in which are dispersed silty grains, forming a bi-modal porosity with dominant micro-536 pore (D = 0.06 µm) and meso-pore (D = 0.25 µm) families. 537
The oedometer compression curves of Ypresian clays are characterised by typical unloading -538 reloading hysteretic loops, commonly observed for fine-grained soils in the literature. This 539 feature have been interpreted, according to Cui et al. (2013) , by the competition between the 540 mechanical and physico-chemical effects which are separated by a swelling stress. This approach 541 allowed (i) properly determining the yield stress σ'y of Ypresian clays at Kallo, which are in 542 good agreement with their geological history; (ii) better identifying the swelling capacity as well 543 as its dependence on their loading history. A semi-logarithmic linear relationship between the 544 swelling stress and initial void ratio, determined by common swelling tests and oedometer 545 compression tests were obtained. This confirmed the swelling stress concept proposed by Cui et 
